. Insertion of TEs can disrupt coding sequences, trigger 55 chromosomal rearrangements, or alter expression profiles of adjacent genes (Lim, 1988; Petrov et 56 al., 2003; Slotkin & Martienssen, 2007; Hollister & Gaut, 2009; Oliver et al., 2013) . Hence, TE 57 activity can have phenotypic consequences and impact host fitness. While TE insertion dynamics are 58 driven by the selfish interest for proliferation, the impact on the host can range from beneficial to 59 highly deleterious. For instance, TE insertions were shown to cause upregulation of genes 60 influencing coloration and cold adaptation of fruits (Butelli et al., 2012; Zhang et al., 2019) . The 61
most dramatic examples of TE insertions underpinned rapid adaptation of populations or species 62 (Feschotte, 2008; Chuong et al., 2017) , particularly following drastic environmental changes or 63 colonization events. In the peppered moth, a TE insertion into an intron caused a darker phenotype, 64 which provided better camouflage on tree bark darkened by pollution (van't Hof et al., 2016). In 65 Drosophila melanogaster, developmental timing adapted after migration to North America based on 66 TE-mediated up-regulation of juvenile hormone production (González et al., 2009 ). However, many 67 studies indicate that the fate of TEs in populations is largely determined by purifying selection 68 (Rizzon et al., 2003; Walser et al., 2006; Cridland et al., 2013; Stuart et al., 2016; Lai et al., 2017; 69 Stritt et al., 2017) . Thus, the broad range of fitness outcomes associated with individual TE 70 insertions suggests that populations are likely to evolve complex selection regimes to constrain the 71 transposition activity of TEs. 72
73
The fate of a new TE insertion in a population is dependent on the joint impact of selection and 74 demography. TE insertions that have deleterious effects should be under strong purifying selection 75 and are expected to be purged quickly from populations (Blumenstiel et al., 2014) . TE insertions 76 with neutral effects on host fitness are governed by genetic drift alone. Hence, neutral TE insertion 77 frequencies can fluctuate according to the strength of drift and historical bottlenecks. Effective 78 4 population size becomes crucial to determine these dynamics and TEs may reach fixation with a 79 high probability in small populations (Jurka et al., 2011) . Low frequency TEs tend to be young or 80 slightly deleterious insertions while high frequency TEs tend to be old insertions (Barron et al., 81 2014) . Beneficial TEs are expected to experience strong positive selection and rapid fixation such as 82 observed for the dark phenotype in the peppered moth (Barron et al., 2014) (van't Hof et al., 2016) . 83
In addition to negative selection against newly inserted TEs, genomic defense mechanisms can 84 directly disable transposition activity. Across eukaryotes, epigenetic silencing is a shared defense 85 mechanism against TEs (Slotkin & Martienssen, 2007) . Fungi evolved an additional and highly 86 specific defense system introducing repeat-induced point (RIP) mutations into any nearly identical 87 set of sequences. TE control by RIP and RIP-like mechanisms shows a patchy distribution across the 88 fungal tree of life and may carry significant costs, including occasional leakage of RIP into adjacent 89 regions (Galagan & Selker, 2004; Rouxel et al., 2011) . Thus, the spread of TEs across the genome 90 and the population-level frequencies at individual TE loci will be governed by a complex set of 91 factors. However, the relative importance of demography, selection and genomic defenses on TE 92 dynamics remains poorly understood. 93 94 A crucial property predicting the invasion success of TEs in a genome is the transposition rate. TEs 95 mostly expand through family-specific bursts of transposition followed by prolonged phases of 96 (Croll et al., 2013; Plissonneau et al., 2016) . 120
Transposition activity of TEs also had a genome-wide impact on gene expression profiles during 121 infection (Fouché et al., 2019) . The compact genome of ~39 Mb is completely assembled and 122 contains ~17% TEs (Goodwin et al., 2011; Dhillon et al., 2014) . The well-characterized 123 demographic history of the pathogen and evidence for recent TE-mediated adaptations make Z. 124 tritici an ideal model to recapitulate the process of TE insertion dynamics, adaptive evolution and 125 changes in genome size at the population level. 126
127
We aimed to retrace the population-level context of TE insertion dynamics across the species range 128 by analyzing six populations sampled on four continents for a total of 284 genomes. We first aimed 129 to develop a robust pipeline to detect newly inserted TEs using short read sequencing datasets. Then, 130
we tested for the strength of purifying selection against TE insertions within and across populations. 131
In addition, we searched for signatures of adaptive evolution driven by TE activity across 132 populations. Using knowledge of the colonization history of the pathogen, we analyzed whether 133 population bottlenecks were associated with substantial changes in the TE content of individual 134 6 genomes. In particular, we tested whether geographically isolated populations experienced distinct 135 bursts of TEs. 136 137 138
METHODS

FUNGAL ISOLATE COLLECTION AND SEQUENCING 140
We analyzed 295 Z. tritici isolates covering six populations originating from four geographic 141 locations and four continents ( Supplementary Table S1 The quality of Illumina short reads was determined with FastQC version 0.11.5 ( Figure 1A ) 157 (Andrews et al., 2013) . To remove spuriously sequenced Illumina adaptors and low quality reads, 158
we trimmed the sequences with Trimmomatic version 0.36, using the following filter parameters: 159 illuminaclip:TruSeq3-PE-2.fa:2:30:10 leading:10 trailing:10 slidingwindow:5:10 minlen:50 (Bolger 160 et al., 2014) . We created repeat sequence consensi for TE families (Supplementary File S1) in the to simulate the impact of reduced coverage. We analyzed each of the obtained reduced read subsets 178 with ngs_te_mapper using the same parameters as described above. The correlation between the 179 number of detected insertions and the read depth was visualized using the function nls with model 180 SSlogis in R, (Wickham, 2016) . The number of detected TEs increased with the number of reads 181 until reaching a plateau indicating saturation ( Figure 1B ). Saturation was reached at a coverage of 182 approximately 15X, hence we retained only isolates with an average read depth above 15X for 183 further analyses. We thus excluded one isolate from the Oregon 2015 population and ten isolates 184 from the Switzerland 2016 population. Illumina short reads were then sorted and indexed with samtools and the resulting bam file was 196 converted to a bed file with the function bamtobed in bedtools. We extracted all mapped reads with 197 an end point located within 100 bp of the TSD ( Figure 1C ). We tested whether the number of reads 198 with a mapped end around the TSD significantly deviated if the mapping ended exactly at the 199 boundary. A mapped read ending exactly at the TSD boundary is indicative of a split read mapping 200 to a TE sequence not present in the reference genome. To test for the deviation in the number of read 201 mappings around the TSD, we used a Poisson distribution and the ppois function in R version 3.5.1 202 ( Figure 1C ). We identified a TE as present in an isolate if tests on either side of the TSD had a p-203 value < 0.001 ( Supplementary Table S1 , S2, Figure S1B ). 204 205 For TEs present in the reference genome, we analyzed evidence for spliced junction reads spanning 206 the region containing the TE. Spliced reads are indicative of a discontinuous sequence and, hence, 207 absence of the TE in a particular isolate ( Figure 1D ). We used STAR version 2.5.3a to detect spliced 208 junction reads with the following set of parameters: --runThreadN 1 --outFilterMultimapNmax 100 -209 -winAnchorMultimapNmax 200 --outSAMmultNmax 100 --outSAMtype BAM Unsorted --210 outFilterMismatchNmax 5 --alignIntronMin 150 --alignIntronMax 15000 (Dobin et al., 2012) . We 211 then sorted and indexed the resulting bam file with samtools and converted split junction reads with 212 the function bam2hints in bamtools version 2.5.1 (Barnett et al., 2011). We selected loci without 213 overlapping spliced junction reads using the function intersect in bedtools with the parameter -loj -v. 214 9 We considered a TE as truly absent in an isolate if ngs_te_mapper did not detect a TE and no 215 evidence for spliced junction reads were found. If the absence of a TE could not be confirmed by 216 spliced junction reads, we labelled the genotype as missing. Finally, we excluded TE loci with more 217 than 20% missing data from further investigations ( Figure 1D and Supplementary Figure S1C To characterize the genomic environment of TE insertion loci, we split the reference genome into 244 non-overlapping windows of 10 kb using the function splitter from EMBOSS version 6.6.0 (Rice et 245 al., 2000). TEs were located in the reference genome using RepeatMasker providing consensi from 246
RepeatModeler Open-1.0 (Smit & Hubley; http://www.repeatmasker.org). To analyze coding 247 sequence, we retrieved the gene annotation for the reference genome (Grandaubert et al., 2015) . We 248 estimated the percentage covered by genes or TEs per window using the function intersect in 249 bedtools. Additionally, we calculated the GC content using the tool get_gc_content 250 We also analyzed cross-population EHH (XP-EHH) signatures testing the following two population 285 pairs: North America 1990 versus North America 2015, Europe 1999 versus Europe 2016. We 286 defined significant selective sweeps as being among the 99.9th percentile outliers of the iHS and 287 XP-EHH statistics. Significant SNPs at less than 5 kb were clustered into a single selective sweep 288 region adding +/-2.5 kb. Finally, we analyzed whether TE loci were within 10 kb of a region 289 identified as a selective sweep using the function intersect from bedtools. 290
FUNGICIDE RESISTANCE ASSAY 292
To quantify susceptibility towards propiconazole we performed a microtiter plate assay. Isolates 293 were grown on yeast malt sucrose agar for five days and spores were harvested. We then tested for 294 growth inhibition by growing spores (2.5 x 10 4 spores/ml) in Sabouraud-dextrose liquid medium 295 12 with differing concentrations of propiconazole (0.00006, 0.00017, 0.0051, 0.0086, 0.015, 0.025, 296 0.042, 0.072, 0.20, 0.55, 1.5 mg/L). We incubated the plates stationary in the dark at 21°C and 80% 297 relative humidity for four days and measured optical density at 605 nm. We calculated EC 50 with the 298 R package drc (Ritz & Streibig, 2005) . 299 300 301
RESULTS
A DYNAMIC TE LANDSCAPE SHAPED BY STRONG PURIFYING SELECTION 303
We analyzed 284 genomes from a worldwide set of six populations spanning the distribution range 304 of the wheat pathogen Z. tritici. To ascertain the presence or absence of TEs across the genome, we 305 developed a robust pipeline ( Figure 1A) to address the fact that ngs_te_mapper is only testing for TE 306 presence and not TE absence. In summary, we called TE insertions by identifying reads mapping 307 both to a TE sequence and a specific location in the reference genome. Then, we assessed the 308 minimum sequencing coverage to reliably recover TE insertions, tested for evidence of TEs using 309 read depth at target site duplications, and scanned the genome for mapped reads indicating gaps at 310 TE loci. We found robust evidence for a total of 18'864 TE insertions grouping into 2'465 individual 311 loci. More than 30% of these loci have singleton TEs (Figure 2B , Supplementary Table S3 ). An 312 overwhelming proportion of loci have a TE frequency below 1%. This pattern strongly supports the 313 hypothesis that TEs actively copy into new locations but also indicates that strong purifying 314 selection maintains nearly all TEs at low frequency ( Figure 2B ). We found a higher density of TE 315 loci on accessory chromosomes, which are not shared among all isolates of the species, compared to 316 core chromosomes ( Figure 2C ). This suggests relaxed selection against TE insertion on the 317 functionally dispensable accessory chromosomes. Figure S3A ; Figure 2D ). Most class I TEs are long 337 terminal repeats (LTR) with 1'483 belonging to Gypsy superfamily (9 families in total) and 623 338 belonging to the Copia superfamily (3 families in total). We found a further 40 loci with an insertion 339 of long interspersed repeat (LINE) elements. A total of 289 loci contain class II/DNA transposons 340 with most belonging to Subclass 2 and order Helitron (249 loci), and to Subclass 1 (40 loci). TE 341 families with a high total copy number across all isolates tend to also have a high copy number per 342 genome ( Figure 2E We found 153 loci where a TE inserted into a gene, with most of these insertions being singletons (n 358 = 68) or at very low frequency ( Figure 2F ). Overall, TE insertions into exonic sequences were less 359 frequent than expected compared to insertions into up-and downstream regions, a pattern consistent 360 with effective purifying selection (Figure 2A) . Interestingly, insertions into introns were also 361 strongly under-represented, likely due to the small size of most fungal introns (50-100 bp) and the 362 high probability of disrupting splicing or adjacent coding sequences. We also found that insertions 363 800-1000 bp away from coding sequences of a focal gene were under-represented. Given the high 364 gene density, with an average spacing between genes of 1,744 kb, TE insertions within 800-1000 bp 365 of a coding gene tend to be near adjacent genes already. Taken together, TEs in the species show a 366 high degree of transposition activity and are subject to strong purifying selection. 367
DETECTION OF TE LOCI UNDER POSITIVE SELECTION 369
The dynamic transposition activity can potentially generate adaptive genetic variation. To identify 370 potentially adaptive TE insertions, we calculated the fixation index (F ST ) for each TE locus. Across 371 all populations, F ST was highly variable with a strong skew towards extremely low F ST values (mean 372 F ST = 0.0163; Figure 3A ). High F ST loci tend to have high TE frequencies in either the North 373 American population from 2015 or the Australian population. Given our population sampling, we 374 tested for the emergence of adaptive TE insertions either in the North American or European 375 population pairs. We selected loci having low TE insertion frequencies (< 5%) in all populations 376 except either the North American or European population pairs, respectively ( Figure 3B ). We 377 required that the locus had a TE frequencies >20% in either the 2015 North American or 2016 378 European population. Based on these criteria, we obtained 26 candidate loci possibly underlying 379 local adaptation in the North American populations with 22 loci showing retrotransposon insertions, 380
three Helitron, and one DNA TIR transposon ( Figure 3C ). In parallel, we found six loci of 381 retrotransposons possibly underlying local adaptation in the European populations ( Figure 4A and 382 Supplementary Table S4 ). To further analyze evidence for TE-mediated adaptive evolution, we 383 analyzed the whole-genome sequencing datasets for evidence of selective sweeps using selection American populations ( Figure 4G ). The TE insertion occurred in a gene-rich, TE-poor region and the 405 F ST = 0.51 was one of the highest values of all TE loci ( Figure 4C) . Generally, the Helitron increased 406 strongly in copy number from the Israel to the North American populations (Figure 4D, 4F) . The 407 phylogeny of the gene encoding the MFS showed a high degree of similarity for all isolates carrying 408 the Helitron insertion compared to the isolates lacking the Helitron (Figure 4E ). This is consistent 409 with a rapid rise in frequency of the haplotype carrying the Helitron driven by positive selection. 410
Another TE locus also contains a Helitron of the family Ada, which was found only in the two North 411 American populations. The TE was inserted into an intron of a Phox domain-encoding gene 412 (Supplementary Figure S7 Figure S8) . SNARE domains play a role in vesicular transport and membrane fusion 417 (Bonifacino & Glick, 2004) . A TE insertion locus on chromosome 12 was both upstream 1'977 bp 418 of a gene encoding another MFS transporter and 2'672 bp of a gene encoding an alpha/beta 419 hydrolase fold. The inserted TE belongs to the Gypsy family Sol (Supplementary Figure S9) . A 420 19 Gypsy Sol on chromosome 2 increased in frequency in both the North American (1.8 to 75%) as well 421 as in the European site (0 to 66.7%). This TE was inserted between a gene encoding a potential 422 virulence factor (i.e. an effector) and a second gene of unknown function. Interestingly, the same 423 locus contains a multitude of additional inserted TEs across populations ( Supplementary Figure  424 S10). We experimentally tested whether the TE insertion loci in proximity to genes could contribute 425 to higher levels of fungicide resistance. For this, we measure growth rates of the fungal isolates in 426 the presence or absence of an azole fungicide widely deployed against the pathogen. We found that 427 the insertion of TEs at three loci was positively associated with higher levels of fungicide resistance 428 Figure 6A ). To analyze this, we first identified the total TE content across 472 all loci per isolate. We found generally low amounts of TEs in the Middle Eastern population from 473 Israel ( Figure 6B ), which is close to the pathogen's center of origin (Stukenbrock et al., 2007) . 474
Populations that underwent at least one migration bottleneck showed a substantial burst of TEs 475 across all major superfamilies. These populations included the two populations from Europe 476 (Switzerland) collected in 1999 and 2016 and the North American population from 1990, as well as 477 the Australian population. We found a second stark increase in TE content in the North American 478 population sampled in 2015 at the same site as the population from 1990. Strikingly, the isolate with 479 23 the lowest number of analyzed TEs collected in 2015 was comparable to the isolate with the highest 480 number of TEs at the same site in 1990. We tested whether sequencing coverage may explain 481 variation in the detected TEs across isolates, but we found no meaningful association 482 (Supplementary Figure S3B) . We analyzed variation in TE copy numbers across families and found 483 that the expansions were mostly driven by Gypsy elements including the families Luna, Sol and 484 Venus, the Copia family Deimos and the LINE family Lucy (Figure 6C; Supplementary Figures S4-485 6). We also found a burst specific to the two North American populations in Helitron elements 486 (Ada), an increase specific to Swiss populations in LINE elements, and an increase in Analyses of sequence similarities and transcriptional activity suggest that several TE families are 532 actively creating new copies in the Z. tritici genome (Dhillon et al., 2014; Fouché et al., 2019) . The 533 26 transposition activity in a genome and counter-acting purifying selection is expected to establish an 534 equilibrium over time (Charlesworth & Charlesworth, 1983 ). However, changes in population size 535 due to bottlenecks or founder events are likely to shift the equilibrium. Furthermore, genetic drift 536 may also impact the prevalence of active TEs or the fixation of mutations contributing to TE control. 537
TE INSERTIONS POTENTIALLY UNDERPINNING ADAPTIVE EVOLUTION IN POPULATIONS 539
An emerging theme across kingdoms is that a substantial fraction of adaptive genetic variation in 540 populations is generated by the insertion of TEs (Chuong et al., 2017) . Population genomic datasets 541 can be used to identify the most likely candidate loci underlying recent adaptation. The shallow 542 genome-wide differentiation of Z. tritici populations provides a powerful background to test for 543 outlier loci (Hartmann et al., 2018) . We focused on two scenarios for an adaptive TE insertion to 544 arise across populations. We analyzed TE insertions to arise from a globally low frequency to a high 545 frequency either in the most recent North American population or the most recent European 546 population. The strongest candidate loci for TE-mediated adaptation were two TE insertions in close 547 proximity to genes encoding major facilitator superfamily (MFS) transporters. For both loci, the 548 frequency increase occurred in the North American populations which experienced the first 549 systematic fungicide applications in the decade prior to the last sampling (Estep et al., 2015) . TE-550 mediated overexpression of the MFS1 transporter is a known resistance mechanism of Z. tritici and 551 acts by increasing efflux of fungicides out of the cell (Omrane et al., 2017). TE-mediated fungicide 552 resistance adaptation in the North American population is further supported by a significant 553 association of levels of fungicide resistance in the population and the presence of the Gypsy insertion 554 near the MFS gene. Furthermore, the locus experienced a selective sweep following the insertion of 555 the TE. We found that the same TEs experienced genome-wide copy number expansions, suggesting 556 that the availability of adaptive TE insertions may be a by-product of a TE burst in individual 557 
